Abstract Understanding the risk-release relationship (the relationship between density of organisms released and associated risk of establishment of a population) of aquatic invasive species is important for setting policy standards to protect natural water bodies from species spread through human-mediated vectors, in particular ballast discharge. To test the viability of an experimental and analytical approach to investigate this relationship, we conducted a mesocosm-based experiment using a test organism, Melosira varians (a freshwater phytoplanktonic diatom native to the Great Lakes). Varying densities of the test organism were added to 19-l mesocosms of water from the Duluth-Superior Harbor at Superior, Wisconsin, in three consecutive trials over 4 months. Each mesocosm was sampled weekly for 4 weeks, and the size of the M. varians population and phytoplankton community was measured via assessments of cell densities. Population responses varied by initial M. varians density. Based on a logistic model, the inoculation density necessary for establishment of M. varians was approximately 12 cells/ml. These findings suggest mesocosm experiments coupled with logistic modeling have the potential to characterize risk-release relationships. Additional investigations using similar methods should be undertaken with a variety of test organisms and environmental conditions to further vet this method and extend understanding of risk-release relationships.
Introduction
Understanding risk-release dynamics of aquatic invasive species is important for setting policy standards to protect natural bodies of water. The risk-release relationship is the relationship between the propagule supply and the associated risk of establishment of a new population. The relationship between propagule supply and establishment risk is expected to be density-dependent, based both on the number of propagules and the number of release events (propagule pressure) (Holle & Simberloff, 2005; Lockwood et al., 2005; Colautti et al., 2006; Bailey et al., 2009 ).
An estimated 3-10 billion tons of water per year are transported globally via ballast water (Banerji et al., 2012) . Through this vector, many invasive species are suspected to have been introduced worldwide. For example, it is estimated that more than 70% of faunal non-indigenous species introductions since 1959 in the Laurentian Great Lakes were transported by oceangoing vessels in ballast tanks (Holeck et al., 2004) . Ballast discharge volume and frequency by themselves, however, are not useful predictors of actual propagule supply or establishment risk. Instead, establishment risk seems to vary as a function of the available pool of species and recipient environment (Ruiz et al., 2000; Colautti et al., 2006; Ruiz et al., 2013) . Though chance of invasion does increase as propagule pressure increases, invasions themselves are stochastic events and are highly context-dependent (Casas-Monroy et al., 2015) .
The International Maritime Organization (IMO) is the United Nations body that sets standards for international shipping. In 2004 it announced standards for ballast water which include regulations that could minimize the spread of invasive species via ballast water in The International Convention for the Control and Management of Ships' Ballast Water and Sediments (IMO, 2004) . This Convention involves two different protection regimes: Regulation D-1, Ballast Water Exchange Standard, and Regulation D-2, Ballast Water Performance Standard. Regulation D-2 stipulates that ships meeting the requirements of the Convention by meeting the ballast water performance standard must discharge: ''less than 10 viable organisms per milliliter less than 50 lm in minimum dimension and greater than or equal to 10 lm in minimum dimension.'' Taxa with cells that fall within this size range are a problem in the Great Lakes where more than 20 non-indigenous microalgae (protists) have been reported (NOAA-GLERL, 2015) . This list includes taxa associated with potential toxicity, biofouling, and taste and odor problems (NOAA-GLERL, 2015) . For example, the Global Invasive Species Database lists two highly toxic dinoflagellate invaders (Gymnodinium catenatum Graham and Alexandrium minutum Halim) spread by ballast water in marine systems (GISD, 2015a, b) . Both species are listed as high priority invasive species in Australia, the highest available category of hazard, meaning they have high invasion and impact potential (Hayes et al., 2005) .
In light of these ongoing threats, organism density standards for ballast water have been the source of intense discussion and controversy (Gollasch et al., 2007; Albert et al., 2013; Lee et al., 2013; CasasMonroy et al., 2015) , perhaps in large part because little is known about whether active or proposed numeric discharge standards for organism release are ecologically meaningful (NRC, 2011) . Experiments have been performed on the effectiveness of treatments to reduce live organisms in ship discharges (e.g., Rigby et al., 1999; Sutherland et al., 2001; Parsons & Harkins, 2002; Waite et al., 2003; Wright et al., 2007; Cangelosi et al., 2007; Gregg & Hallegraeff, 2007; Casas-Monroy et al., 2017) , but few experiments have been undertaken to determine the risk to receiving systems of varying discharge densities of live organisms (NRC, 2011) . In 2011, the National Research Council (NRC) of the United States recommended scientists begin to gather empirical data on the risk-release relationships of aquatic invasive species through both field surveys and mesocosm tests in order to ground numeric ballast water discharge standards with evidence that they are protective in diverse environments and under varying seasonal conditions.
To better inform a growing body of research on risk-release dynamics and to evaluate the validity of mesocosm experiments as an assessment tool to determine the risk-release relationship in protists, we conducted experiments on Melosira varians Agardh, an organism in the 10-50 lm size range. To assess whether mesocosm testing is a viable approach, we tested whether we could detect changes in population density (an index of establishment) of our test organism at varying initial densities under varying environmental conditions. We employed logistic regression along with threshold values for population persistence to characterize the risk-release relationship for the test organism. The mesocosm test was repeated at different times of the year in order to capture natural variability in ambient protist and predator concentrations and nutrient conditions (not measured) in the source water.
Materials and methods
Experiments were performed at the Great Ships initiative (GSI) TM (''GSI'' and ''Great Ships Initiative'' are trademarks belonging to the NortheastMidwest Institute, Inc.) land-based ballast water management system testing facility in Superior, Wisconsin, USA (46.710°N, 92.0482°W), using ambient water from the adjacent Duluth-Superior Harbor located on Lake Superior. In the initial phase of the study, we evaluated the natural assemblage of protists in water from Duluth-Superior Harbor during JulySeptember, 2012. We ran a series of three preliminary trials which confirmed that tank filling, lighting, and pumping in the experimental mesocosm array did not result in deviations from uniform assemblages across the array. In the preliminary trials 22 1000-l mesocosm tanks were filled simultaneously. Protist densities and water quality measurements were taken at the beginning and end of each of the month-long trials. Protist density and assemblage composition in the Duluth-Superior Harbor were assessed across the mesocosm replicates within each trial and across trials to identify the range of variation in the background community of protists, and whether a bias existed in any of the mesocosms (Aliff, 2015) . Full details of the validation are provided in Aliff (2015) .
Test organism
Melosira varians was used as the test organism because it is native to the Duluth-Superior Harbor ecosystem, and so there was no risk of an accidental, non-native escape from the test facility. M. varians is a large-celled, filamentous, colony-forming diatom that fits the IMO size criterion of 10-50 lm in minimum dimension, and it is easily identified using inverted light microscopy. M. varians can reproduce both sexually and asexually and is adapted to high disturbance situations with high nutrient availability, such as harbors and ports (Passy, 2007) . It can grow and divide quickly and is an early colonizer of an area. We hypothesized that this adaptation would favor growth of M. varians in our mesocosms. Using model species that are especially well adapted to establishment is ideal for obtaining upper bounds for safe release levels (Wonham et al., 2013) because these species represent best case scenarios for invaders, and standards that are sufficient to protect against invasions of these species should be sufficient to protect against a wide suite of invaders. While this taxon is native to the Great Lakes, it occurs at low densities in Duluth-Superior Harbor, so ambient populations could be readily distinguished from test inoculations. In September 2012, M. varians was collected from Duluth-Superior Harbor (46.781°N, 92.096°W) using a 53-lm mesh plankton net. Subsampling and culturing of M. varians was performed by Dr. Matthew L. Julius (St. Cloud State University).
Experimental design and apparatus
Three trials were conducted in 2013 (July 9-August 6, September 6-October 4, and October 11-November 8). For each trial, twenty 1000-l tanks were simultaneously filled with ambient water pumped from Duluth-Superior Harbor over the course of 6-8 h for a parallel risk-release study of Bythotrephes longimanus Leydig, a non-native zooplankter, also already present in Duluth-Superior Harbor. The 1000-l tanks were then stirred and subsampled in random order to fill twenty 20-l food-grade buckets to the 19-l level. The 19-l buckets of harbor water, hereafter referred to as mesocosms, were maintained indoors under climate-controlled conditions with an air temperature of 15.7°C and were gently aerated with bubblers. The complete apparatus was lit by 32-watt fluorescent lights on a 16:8 light:dark cycle. A black curtain over all of the tanks protected the system from outside influences and ensured even lighting. Immediately after filling, all twenty of the 19-l mesocosms were characterized for water quality parameters (temperature, conductivity, salinity, pH, turbidity, dissolved oxygen (DO), and total chlorophyll) using a calibrated sonde (Yellow Springs Instruments, Yellow Springs, Ohio). These water quality parameters were also measured before sampling the mesocosms on days 7, 14, 21, and 28 of the experiment.
Preparing to inoculate
The M. varians culture, originally initiated with cells from the Duluth-Superior Harbor as described above, was shaken to homogenize and minimize clumping. A 1.1-ml subsample of the culture was then pipetted on a Sedgewick Rafter slide. One transect of the slide was counted for M. varians cells that visibly contained chloroplasts. This process was repeated twice with new subsamples from the same culture, counting one transect per slide. The counts from three transect lengths were used to calculate amendments needed to achieve the target starting live mesocosm tank cell densities of 0 (control), 1, 10, 30, or 100 cells/ml in each mesocosm tank, with the assumption that each tank was starting with 0 cells/ml of M. varians. Four mesocosm tanks were randomly assigned for each density treatment. Each mesocosm was then spiked with the calculated necessary amount of M. varians culture to reach target densities in each 19-l tank.
Sampling
Immediately after inoculation, and once per week for 4 weeks after inoculation, a 500-ml sample was removed from each mesocosm in the same random order in which they were filled. The tanks were sampled by stirring with a long-handled, stainless steel 500-ml ladle to ensure a well-mixed, representative sample, scooping and adding the sample to a clean, 1-l Nalgene bottle. Each sample was immediately preserved with 5 ml of Lugol's solution (US EPA, 2010) and inverted five times to mix. Samples were then analyzed by light microscopy.
Sample analysis
Each preserved sample was concentrated prior to analysis. The sample was homogenized by inverting at least six times, then 100 ml of sample water was measured in a graduated cylinder. This water was filtered using standard methods for chlorophyll a filtration (Reavie et al., 2010) , substituting a 7 9 7-cm sheet of 7 lm plankton netting in place of a filter. To prevent cell damage, vacuum pressure did not exceed approximately 200 mm Hg (* 2 psi or * 0.13 atm). If filtration occurred rapidly (indicating potentially low cell density), an additional 50 or 100 ml of sample was measured, added, and filtered. Sample water was added in increments until filtration slowed. For trial 1, approximately 200-400 ml was concentrated for each sample. Trials 2 and 3 had sufficiently dense protists that samples did not need to be concentrated. The filter was rinsed with 15 ml of filtrate from the vacuum chamber using a washing tube (Reavie et al., 2010) . To aid backwashing of the algae into the collection dish, a rubber pipette bulb was placed neck-down on the washing tube and gently pressed from the top to force water through the filter and backwash the concentrated protist assemblage. Concentrated samples were stored in 25-ml bottles.
Cell counts
Concentrated samples were analyzed in a Sedgewick Rafter cell under brightfield using an Olympus CKX41 inverted microscope at 9200 magnification. M. varians and other protists were quantified separately, with background protists being identified to a gross taxonomic level according to standard analytical protocols for ballast water (GSI, 2010) . The aim was to count at least 100 entities of any taxonomic group (free-living cells, filaments, colonies) and two transects. Within each entity, individual cells were counted and totaled for analyses. Depending on whether samples were dominated by more filamentous or globular entities, the number of cells counted varied from hundreds to thousands. Single-celled entities and cells comprising colonial and filamentous entities that contained chloroplasts and other visible organelles were considered to have been alive at the time of preservation. Cells that were significantly degraded or had empty cell walls (usually diatoms) were regarded as dead, and not counted. Per standard analytical protocols for ballast water (GSI, 2010) , entities (whether single celled or colonies) that were less than 10 lm in all visible dimensions or greater than 50 lm in minimum visible dimension (e.g., zooplankton) were not counted.
Data analysis
Assigning a threshold value for population persistence has been done previously to determine species distribution and persistence (e.g., Aldridge et al., 2008; Leighton et al., 2012; Urban et al., 2007) and was used to evaluate whether our mesocosm approach was able to measure establishment of an ''invading'' species. The M. varians cell density from Day 7 to Day 28 (four sample times from each tank) was summarized by using median values. A 0 value of the median (i.e., when 3 or 4 out of the 4 sampling times had an absence of M. varians) was assumed to represent absence of M.
varians establishment in that tank and was assigned a 0 in our dataset. When M. varians was present in a tank during at least two sampling periods the tank was defined as having M. varians present and established and was assigned a 1 in our dataset. Selecting median values instead of mean values allowed for a more conservative estimate of M. varians establishment, representing some degree of population persistence in the system.
The presence/absence dataset (a collection of zeroes and ones) was used as a response variable, and M. varians cell density at day 0 was a predictor variable to construct a logistic model using JMP Pro 13 software (SAS Institute Inc., 2016). The regression model output provides the probability of presence of our organism establishing a population at different initial population densities. This output was expressed as a value between 0 and 1, with 1 being a 100% chance of species presence (Fig. 1) . A threshold for ''probability of establishment'' was derived from the logistic model. Any probability of presence value exceeding the threshold was considered a predicted presence. Any probability of presence value under this threshold was considered an absence, or no establishment. While there are several potential methods for selection of this threshold, Liu et al. (2005) compared 12 types of thresholds using four indices (sensitivity, specificity, overall prediction success, and Cohen's kappa statistic) and determined that the optimal threshold was determined by the proportion of species occurrence across observations. In this case, there were 40 tanks with M. varians establishment out of 60 observations (3 tests 9 20 tanks each). Since 40/60 or 2/3 of the tanks showed establishment, a probability of 0.67 was chosen as our threshold. So, any tank with predicted probability above 0.67 was defined as predicted M. varians presence, and probability below 0.67 was considered as predicted M. varians absence. The point where the logistic model intersects the threshold determines the critical level of the predictor (in this case, initial M. varians concentration) required to result in establishment.
Melosira varians cell density and other (non-M. varians) cell density were plotted against days elapsed in order to visualize changes in density over time.
Variations in water quality parameters among M. varians inoculum treatments and over time were examined to identify possible confounding environmental drivers in our growth rate observations. A riskrelease curve of risk (% establishment of M. varians) against release (inoculation density of M. varians), consistent with other risk-release experiments (e.g., Leung et al., 2004; Bailey et al., 2009; Wonham et al., 2013) , was generated. Release was based on the actual addition of M. varians which sometimes varied from the target inoculation densities.
Results
We were interested in how the establishment of M. varians was influenced by initial M. varians density introduced at time 0. The relationship was examined by a logistic model (Eq. 1; Fig. 2 ).
where P represents the probability of M. varians presence, and M.varians0 is the actual measured initial M. varians density. The probability of presence increased significantly with increasing initial M. varians concentration (t test, P \ 0.0001). When the presence probability was equal to or greater than 0.67 (our chosen threshold value for population persistence), M. varians was predicted to have established. Based on Eq. 1, the corresponding critical propagule concentration (M. varians0) was calculated to be 12 cells/ml to achieve establishment of M. varians in this Fig. 1 Theoretical example of a presence-absence logistic model to determine establishment of a test species. The X variable/model predictor is plotted against the probability of presence and a logistic curve is fitted by regression. A probability threshold of presence is used to determine a critical cell density required to result in species establishment system. Because the threshold for probability of establishment is an arbitrary choice, one might decide to use a stricter criterion for establishment. If the threshold value for population persistence is instead set to 0.995, the approximate point where the logistic regression reaches an asymptote close to 100% probability of establishment, the critical value according to Eq. 1 is 50 cells/ml to achieve establishment of M. varians in this system. There were differences between intended organism inoculation densities and actual initial organism densities likely owing to the colonial nature of the organism. (Fig. 3, day 0 densities) . For example, in a total of 12 tanks with 0 cells added over the course of the 3 trials, 3 tanks nonetheless began with some ambient M. varians (\ 36 cells/ml, Fig. 3 ). There was also a large disparity of non-M. varians densities between the different trials likely because of seasonality in the source water and natural changes in protist assemblages across the year (Fig. 3) . In the case of trial 2, there was also a wide range of non-M. varians cell densities in the 100 cells/ml treatment (note the large standard error).
In trial 1, which ran from early June-early July 2013, M. varians cell density did not change very much over time from the initial densities of 0, 1, 10, and 30 cells/ml (Fig. 3) . There was an uptick in the 100 cells/ml density treatment, ending at a mean value around 250 cells/ml. Other cell densities were low relative to other tests (\ 1,000 cells/ml) and did not show any significant temporal trends. These temporal trends did not appear to be in any way correlated with M. varians density treatments.
In trial 2, which ran from August-September 2013, M. varians cell density also remained fairly constant over the course of the trial except for the 100 cells/ml inoculation which had a large decline in density over time (from a mean value close to 400 cells/ml to a mean value below 100 cells/ml). This decline was coupled with a sharp upswing in density of other taxa in the 100 cells/ml M. varians density treatment from a mean around 10,000 cells/ml to a mean of over 400,000 cells/ml (Fig. 3) . The density of protists in the background community throughout this trial was especially high, with densities starting around 10,000 cells/ml and rising over 750,000 cells/ml for the 100 cells/ml M. varians inoculation and a little over 30,000 cells/ml for other density treatments.
In trial 3, which ran from September-October 2013, M. varians densities did not vary greatly with time from the intended initial density treatments of 0, 1, 10, 30, and 100 cells/ml. Other cell densities increased as the test progressed but did not vary based on M. varians density treatment, rising in similar ways across treatments. Initial densities of these cells were less than 10,000 cells/ml with maximum ending values over 30,000 cells/ml (Fig. 3) .
The risk-release curve observed in this study (Fig. 4) is comparable to other risk-release curves found in the literature, with an exponential increase in risk ending with an asymptote representing a point of critical release density required for a maximum risk of population establishment (e.g., Drake & Lodge, 2006; Bailey et al., 2009; Lee et al., 2013; Wonham et al., 2013; Briski et al., 2014) . In this case, the curve for presence). The threshold to probable establishment (0.67) is shown as a dashed gray line. The critical value required for establishment (12 cells/ml) is marked with a vertical arrow reaches a possible asymptotic value around the 2-10 cells/ml M. varians inoculation density (Fig. 4) .
Starting water quality conditions (at day 0) were comparable across inoculation treatments (Fig. 5) . Temperature variation was no more than 1.5°C from the average, and there was no pattern associated with inoculation density. Conductivity increased from around 0.165 to around 0.195 mS/cm, salinity increased from around 0.070 to around 0.095 ppt, and pH increased from 7.90 to around 7.95. At the same time, turbidity decreased from around 7.5 NTU to between 2.5 and 5.0 NTU and DO decreased from around 8.6 to around 8.15 mg/l. Conductivity and salinity may have increased due to evaporation in the tanks, while turbidity may have decreased due to increased particle settling over time.
Discussion
To our knowledge, this is the first study to assess a risk-release relationship in protists using mesocosms. With M. varians as a test organism, we demonstrated the potential for mesocosms as assessment tools to evaluate the relationship of probability of population growth to inoculation size. We used the above methods to determine a critical inoculation density needed for establishment of our organism of approximately 12 cells/ml.
We make no suppositions that our results extend to other protist species or test conditions, but instead suggest this or a similar approach, if sufficiently repeated, could yield broadly informative results. The tests should be expanded to include alternative test organisms (e.g., species from other taxonomic groups like protozoans, cyanobacteria, and dinoflagellates) to provide more widely applicable findings. Non-native species with different life history traits and strategies should also be considered. For example, an organism that is better adapted to low nutrients or is more competitive in low disturbance regimes could provide valuable information on useful release limits, since variable release conditions may favor these life histories.
In future investigations, it will be important to not only consider propagule pressure in terms of inoculation densities, but also in terms of inoculation frequency, as a means of fully understanding the implications of patterns of ship-borne introductions (Simberloff, 2009) . Repeated inoculations over the course of a single trial may allow species to overcome demographic and environmental stochasticity (CasasMonroy et al., 2015) . Hedge et al. (2012) performed a study measuring the impact of multiple introductions on establishment of the oyster Crassostrea gigas Thunberg, finding that their organism was more effective at establishment under a scenario of several small releases compared to more sporadic large releases. Repeated introductions may contribute to increased genetic diversity, which allows organisms to adapt to a wide variety of conditions (Roman & Darling, 2007) .
Mesocosm test limitations
There are several challenges with using mesocosmbased results to establish ballast water discharge standards such as a contrived environment that can complicate translation of mesocosm results into natural systems (Lee et al., 2013) . Our investigation is limited to one test organism and the environmental conditions we observed at Duluth-Superior Harbor. Until further work is performed and consistencies in the risk-release relationship under varying conditions are identified, it is not possible to generalize these risk-release relationship results beyond that organism and these experimental conditions. It should also be noted that due to our inoculation methods our mesocosm study best represents a receiving environment such as the water body at a port, and not the discharge from a ship itself. Our critical density of 12 cells/ml simulates the density not from the source water, such as a ballast tank, but from the density that occurs in the receiving water (i.e., at a port). Site-specific considerations, largely dilution, need to be considered to further enhance understanding of risk associated with discharges of non-native protists. To achieve the inoculation densities we applied in our mesocosms in an actual harbor receiving ballast water, concentrations in the ballast discharge itself would need to be much higher.
The cycling of nutrients in mesocosm systems may not relate well to natural systems (Lee et al., 2013) . In natural systems, nutrient cycles include interactions with surrounding soil and water conditions, whereas contrived biological, chemical, and physical factors in mesocosms are not able to fully participate in the Fig. 4 Risk-release curve representing M. varians establishment success compared to inoculation density. Release (inoculation density) was based on the actual addition of M. varians which sometimes varied from the target inoculation densities. Release values were binned into ranges that most closely matched real inoculation densities. The number of tanks with M. varians establishment was divided by the total number of tanks in each bin to calculate % establishment (total n = 60) c Fig. 5 Effects of time and initial M. varians inoculum on water quality variables. Trials and replicates were pooled. Mean values are plotted with standard error bars cycles they constantly undergo in natural systems. Such non-analogous circumstances are probably magnified with a longer trial as nutrient resources may become more stressed or limiting. This concern no doubt applies to our mesocosm system and in the future it may be helpful to include replenishment with filtered harbor water to minimize nutrient limitation. Lee et al. (2013) do conclude, however, that experimental studies are critical for testing assumptions and generating insights into mechanisms of population establishment and propagule pressure, and may be able to aid in the development of population models.
There is also the challenge of identifying a measurable index for population establishment in short-term mesocosm experiments. Here we used population persistence as a surrogate for establishment, but other biological metrics including evidence for net population growth, reproduction, somatic growth, or life-cycle completion could also be used in some instances and may offer alternative conclusions regarding the probability for species establishment.
Other study limitations
In this study, we did not control water quality parameters. We also did not perform statistical tests exploring relationships between M. varians and ambient organisms or water quality, but future studies could examine these relationships to determine variables that enable or prevent invader establishment. Longer experiments (with more completed life cycles) and additional test organisms would enable greater confidence in understanding risk-release relationships.
Although we observed relatively clear trends in biological dynamics related to test organism inoculum density, quantitative accuracy was difficult given the colonial nature of the test organism. This source of inaccuracy was likely the cause of the disparity between intended inoculation densities and initial densities of this test organism. Many algae can contain hundreds of propagules in a single colonial entity, yet controlling inoculation densities with accuracy, and precision is critical in risk-release assessments. Use of larger, single-celled surrogate entities (e.g., most dinoflagellates) may increase the accuracy of inoculations.
Conclusions
Using mesocosm testing along with logistic regression along with threshold values for population persistence, we were able to detect changes in population density of our test organism at varying initial densities under varying environmental conditions. We generated a risk-release curve comparable to others found in the literature, and obtained a critical inoculation density required for the establishment of our organism of 12 cells/ml. This early step attempting to ground riskrelease theory in observations shows promise, and should be repeated on additional organisms under expanded environmental conditions.
